


The JTAG Interface 


a standard test interface for ICs 


By Paul Goossens 


The testing of large logic ICs such as FPGAs, CPLDs, ASICs, etc. is very 
difficult and time consuming when conventional test probes are used. The 
measurement of internal signals that are not brought out to an IC pin is 
impossible in this way. A number of companies have therefore joined 
forces to find a common solution to these problems. The result of this is 


the JTAG interface (IEEE | 149.1). 
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Figure |. Simplified block diagram of the JTAG interface. 
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In the industry (and also increas- 
ingly in the electronics hobby world) 
more and more use is made of larger, 
complex ICs. The advantages of 
these ICs are clear: the PCB can be 
smaller, the current consumption is 
less, parts of the design can be eas- 
ily re-used, etc. Unfortunately this 
development also has a few disad- 
vantages. The testing of these ICs 
hasn't become any easier. In the 
case of SMD ICs the test probe has 
to be applied precisely in order to 
measure the signal at a specific pin 
and for BGA (ball grid array) ICs on 
a multi-layer PCB this becomes all 
but impossible. Apart from the fact 
that it is difficult and sometimes 
impossible to measure certain sig- 
nals, it is also a very time consuming 
job to measure these signals with 
test probes. A number of IC manu- 
facturers thought these problems 
warranted the setting up of the 
JTAG committee’ (Joint Test Action 
Group). The tangible result of this 
cooperation is the special interface 
that we'll describe in this article. 


The JTAG interface 


The JTAG interface designed by the 
members of the committee has a 
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number of remarkable features. The 
most important of these are listed in 
Table 1. 

The most remarkable feature of 
the interface is that, from the chip's 
point of view, it can function com- 
pletely transparently and asynchro- 
nously if required. This means that 
the chip can be tested in circuit, 
without having any adverse effects 
on the functioning of the chip. Ser- 
vice engineers will certainly appre- 
ciate this feature. Apart from the 
standard features and functions, 
the chip manufacturer can extend 
the functionality of the JTAG inter- 
face. Examples of this would be the 
ISP programming of chips, the 
debugging of DSPs and micro- 
processors, etc. 


Block diagram 


The structure of the JTAG interface 
is shown in Figure 1. At first sight it 
may appear very complex, but on 
closer inspection it will become eas- 
ier to understand. 

The four signals that control the 
JTAG circuit can be clearly seen. 
TCK is the clock signal for the JTAG 
logic. This signal is independent 
from the clock signal within the IC, 
so they operate asynchronously. All 
other signals of the JTAG interface 
operate synchronously to this clock 
signal. The TMS input drives the 
JTAG controller. This is used, 
amongst other things, to choose 
between the Instruction register and 
other registers. 

Depending on the state of the 
JTAG controller and the contents of 
the Instruction register, a register 
will always be connected as a shift- 
register between TDI and TDO. Data 
can be stored into the register using 
TDI, while at the same time TDO can 
be used to read the contents of the 
register. 


Boundary-scan register 


Every JTAG compatible chip will 
have at least the following registers: 
Boundary-scan register, Instruction 
register, DEVICE ID register and 
BYPASS register. The controller is 
designed such that a register has to 
be activated before the contents of 
the register can be read. 

The Boundary-scan register is the 
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Table I. Features of the JTAG interface. 


— Can work transparently 

— Fully asynchronous 

— Requires only four signals 

— Can be cascaded 

— Test patterns can be generated 


— Internal signals can be tested/generated 


— The manufacturer can extend the functionality 


largest and most important register 
in the JTAG interface. This register 
can represent inputs and outputs of 
the IC, or it can have user-defined 
data loaded into it that is subse- 
quently presented to the inputs of 
the chip, and also to provide the out- 
put pins with a user-defined signal. 

The Boundary-scan register con- 
sists of a collection of separate mem- 
ory cells and some logic to control 
these cells and the output. The block 
diagram in Figure 2 represents a 
BSC (Boundary-Scan Cell) that con- 
trols an output pin. This is almost 
identical to the version for an input 
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pin. The only difference between the two 
types of BSC is the way they are connected 
to the chip circuitry. When the input of the 
BSC is connected to an input pin, and the out- 
put is connected to the input circuitry of the 
chip itself then this BSC is capable of con- 
trolling the input. 

The ‘capture/scan’ control line is used by 
the controller to select the data to the input 
of FF 1. If the current state of the outputs has 
to be captured, the controller connects the 
output of the chip to the input of FF1 via MX1. 
At the next clock pulse the flip-flop will 
remember the current state of the output of 
the chip. For the data to be read out serially, 
all BSCs need to have their FF1s connected 
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Figure 2. A Boundary-Scan Cell (BSC) at the output of an IC. 


25 
















R Test Logic Reset 


Figure 3. State diagram of the TAP controller. 


in a chain, forming one long shift-register. 
This data path is shown shaded in Figure 2. 
At the same time as reading the data, it is 
possible to load user-defined data into the 
shift-register. Once that has completed, the 
data can be clocked into FF2. MX2 is used to 
select either the output of the chip or the out- 
put of FF2 as the signal on the output pin of 
the chip. This allows the user to connect the 
output permanently to the output of the chip 
during testing, so that the chip appears to 
function normally to the outside world. Fur- 
thermore, this allows you to set the output of 
the BSC yourself. In this way we can gener- 
ate signals for the outside world or (in the 
case of an input BSC) as inputs for the chip. 
An interesting fact of the Boundary-scan 
register is that the connections aren't 
restricted to those signals that can be physi- 
cally accessed on the chip. The manufacturer 
can freely connect internal signals to a BSC, 
so that these signals can also be measured 
even though they're not connected to an 
external output. This is especially useful with 
PLDs, where it becomes possible to measure 
internal product terms. In this way it is pos- 
sible to check that certain functional blocks 
within the PLD are operating correctly. 
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Instruction register 


The Instruction register is used to 
select the various functions of the 
JTAG interface. Apart from the stan- 
dard functions, this register also con- 
trols those functions added by the 
manufacturer. 

Unfortunately the JTAG specifica- 
tion doesn’t state which binary 
codes have to be loaded into the 
Instruction register for it to select 
certain functions. The same function 
can therefore have different opcodes 
on other chips. These opcodes are 
usually found in the data sheet for 
the relevant chip. Table 2 contains 
all the instructions that are defined 
in the JTAG specification. Only the 
first three instructions are required 
for a chip to be JTAG compatible, the 
rest of the instructions may be 
implemented at will. Apart from the 
instructions in Table 2, the manu- 
facturer may add other instructions 
that are not described in the JTAG 
specification. This makes the JTAG 
interface even more flexible. 


EXTEST 

In the EXTEST mode all chip con- 
nections are connected to BSCs. In 
this mode the user can generate a 
test signal and read it back to check, 
for example, for correct connections 
between ICs, when several ICs are 
present in the JTAG chain. It is also 
possible to directly drive any periph- 
eral ICs that may be present. This 
mode is generally used by PCB man- 
ufacturers to check for shorts or open 
circuits on populated boards, with- 
out requiring a so-called ‘Bed-Of- 
Nails’. 


SAMPLE/PRELOAD 

This mode is used for reading the 
contents of the Boundary-scan regis- 
ter or to load a test pattern into it 
prior to the execution of the EXTEST 
function. 


BYPASS 

When several ICs are cascaded 
(JTAG chain), but only one of these 
requires the use of its JTAG func- 
tions at a particular time, then it is 
sensible to give the BYPASS instruc- 
tion to all other chips in the chain. In 
this mode the chip functions nor- 
mally, but the JTAG interface selects 
the BYPASS register, which is only 
one bit long and which has no fur- 
ther function. In this way the total 
length of the shift-register is greatly 
reduced. The Boundary-scan regis- 
ters can contain a very large number 
of bits (in practice they'll often have 
several hundred bits). By selecting 
the BYPASS register the JTAG inter- 
face will have to transmit a much- 
reduced number of bits for each 
instruction, which will increase the 
speed of testing. 


INTEST 

During an INTEST the chip is con- 
nected directly to the BSCs. This 
makes it possible to test the func- 
tionality of the chip. The Boundary- 
scan register can be set up with a 
defined input state after which the 
outputs of the chip can be read. This 
option is especially useful when test- 
ing prototypes with programmable 
logic, but also during repair work. 


RUNBIST 

This function causes a pre-pro- 
grammed test to run within the chip. 
The result of the test (chip pass/fail) 
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Tabel 2. Instructions for the JTAG interface 


INSTRUCTION Chip mode 
EXTEST 

Required TEST 
SAMPLE/PRELOAD 

Required NORMAL 
BYPASS 

Required NORMAL 
INTEST 

Optional TEST 
RUNBIST 

Optional TEST 
IDCODE 

Optional NORMAL 
USERCODE 

Optioneel NORMAL 
CLAMP 

Optional TEST 
HIGH Z 

Optional TEST 


is put on the TDO output. The RUN- 
BIST function is mostly used for 
memory modules. If these memories 
were tested using the standard 
JTAG interface, they would first 
have every memory location set to a 
value, which is then read back and 
checked. Subsequently the inverse 
value would have to be stored and 
read again. This would have to be 
done for each memory location and 
would take a very long time (keep in 
mind that all communications are 
serial). The BIST can complete this 
significantly faster. 


DEVICE ID 

In this mode the DEVICE ID of each 
chip can be read via the JTAG inter- 
face. This information can be used to 
verify that the correct chips are 
mounted on the board and also to 
read the version numbers of the 
chips. This function is often used by 
programming software, letting it ver- 
ify that the user has selected the cor- 
rect device. 


USERCODE 

This mode selects an extra register 
that is optionally implemented by 
the manufacturer. This register usu- 
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Selected Register 


Boundary-scan register 


Boundary-scan register 


Bypass register 


Boundary-scan register 


Application 


Generate and measure external signals. 


Read or write the Boundary-scan register. 


Reduces the scan path. 


Internal test of the chip. The Boundary-scan register is connected 


directly to all inputs and outputs of the chip. 


- Executes the Built-In Self Test of the chip. 


Device ID 


UserCode register 


Bypass register 


Bypass register 


Read the Device ID of the chip. 


Programming of PLDs, extended Device ID. 


Sets output pins to defined levels and reduces the scan path. 


All outputs of the IC are put in the High-Z state. Electronically, the 


IC is now isolated from the PCB. 


ally contains extra DEVICE ID infor- 
mation. Some manufacturers use it in 
the programming of PLDs. 


CLAMP 

CLAMP is very similar to the 
BYPASS function, the difference 
being that the IC pins are now dri- 
ven via the BSCs. This means that 
whilst the BYPASS register has been 
selected, the outputs of the chip will 
be held at fixed, defined levels. 


HIGH-Z 

This function is used to electrically 
isolate the chip from the outside 
world. All outputs are set to the 
High-Z state, so that this chip won't 
affect measurements made on other 
components. 


Other functions 

The functions described so far have 
all been defined in the JTAG specifi- 
cation. As we've said before, the 
manufactures are permitted to add 
their own functions, extending the 
capabilities of JTAG interface. These 
enhancements make it possible to 
set hardware breakpoints in certain 
DSPs, read or modify its registers or 
memory, execute instructions, etc. 


The TAP controller 


The main control circuit in the JTAG interface 
is the TAP (Test Access Port) controller. This 
controls the entire JTAG interface in con- 
junction with the instruction register and its 
instruction decoder. The TAP controller is a 
so-called state machine with only one input 
and that is the TMS input. The TMS signal 
determines the next state of the controller. 
The controller changes state on the rising 
edge of the TCK signal. 

In order to drive the TAP controller you 
first need to know which of the 16 states the 
controller is in. Unfortunately it isn’t possible 
to read this state directly, but a little trick can 
be used to put the TAP controller into its reset 
state, regardless of its current state. The state 
diagram has been designed in such a way 
that when five clock pulses are applied while 
TMS is set to ‘1’, the controller will always be 
in the ‘Test Logic Reset’ state. This can eas- 
ily be verified with the help of Figure 3: 
Choose any state on the diagram. From this 
state follow the arrow with a ‘1’ to the next 
state. Then repeat this procedure another four 
times. Whatever the initial state, the final 
state will always be ‘Test Logic Reset’. Some 
chips with JTAG controllers have an extra 
input, TRST. As soon as this is set ‘low’, the 
TAP controller will be set to the ‘Test Logic 
Reset’ state. 
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As we have already seen, 
the contents of the Instruc- 
tion register determine the 
function that the JTAG inter- 
face has to execute. To this 
end the Instruction register 
has to be loaded with the 
opcode for the function that 
we want the JTAG interface 
to perform. To load the 
Instruction register, the TAP 
controller has to be set to the 
‘Shift-IR’ state. The path to 
this state is always via the 
‘Capture-IR’ state. In this 
state the Instruction register 
is loaded with a value that is 
burnt into the chip itself. In 
principle the actual value is 
not important. 

Once the TAP controller is 
in its ‘Shift-IR’ state, the TDO 
output becomes active. It will 
now contain the LSB of the 
Instruction register. The data 
at the TDI input is shifted 
into the Instruction register at 
each rising edge, while the 
contents of the Instruction 
register are shifted on the 
falling edge to the outside 
world via TDO. 

When the Instruction reg- 
ister has been loaded, the 
JTAG interface has to be told 
to act on the new contents. 
This happens in the ‘Update- 
IR’ state. In this state the con- 
tents of the Instruction regis- 
ter are recognised as the cur- 
rent instruction. This 
instruction also determines 
which of the other registers is 
selected as the data register, 
as shown in Table 2. 

The reading and writing of 
a data register are similar to 
that of the Instruction regis- 
ter, except that we now use 
the ‘Capture-DR’ state to load 
the data register. ‘Shift-DR’ is 
used for reading and writing 
the data and ‘Update-DR’ is 
used to activate the data just 
written. 

BSDL files 

The JTAG specifications also 
include the so-called BSDL 
files. These are files that con- 
tain all relevant information 
for chips with a JTAG inter- 
face. They contain, for exam- 
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ple, the opcodes for the JTAG 
instructions defined for a cer- 
tain chip. They also contain 
the names of the chip pins 
used and the order in which 
they are stored in the Bound- 
ary-scan register, and of 
course the DEVICE ID of the 
chip concerned. 

The BSDL files have the 
same structure as VHDL files. 
This makes it easy to use the 
information in BSDL files in 
VHDL code. Most of the pro- 
grams designed to work with 
the JTAG interface are capa- 
ble of reading BSDL files and 
interpreting their contents. 


It would be too much to 
describe the structure of 
VHDL and BSDL files in this 
article, but by all means take 
a look at one of those files. 
Fortunately they contain only 
ASCII characters, so the infor- 
mation can be viewed in any 
standard word processor. You 
will find that much of the 
information in these files can 
be easily interpreted. The 
instructions, DEVICE-ID, 
names of the pins, etc. are 
clearly shown in separate 
sections. 
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Note: a practical implementa- 
tion of the principles dis- 
cussed in this article may be 
found elsewhere in this issue 
in the ‘Parallel JTAG inter- 
face’ article. 
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